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Abstract 
LBNL is developing an innovative data acquisition module for superconductive magnets where the front-end 
electronics and digitizer resides inside the cryostat. This electronic package allows conventional electronic 
technologies such as enhanced metal–oxide–semiconductor to work inside cryostats at temperatures as low as 4.2 K. 
This is achieved by careful management of heat inside the module that keeps the electronic envelop at approximately 
85 K. This approach avoids all the difficulties that arise from changes in carrier mobility that occur in 
semiconductors at deep cryogenic temperatures.  
There are several advantages in utilizing this system. A significant reduction in electrical noise from signals 
captured inside the cryostat occurs due to the low temperature that the electronics is immersed in, reducing the 
thermal noise. The shorter distance that signals are transmitted before digitalization reduces pickup and cross-talk 
between channels. This improved performance in signal-to-noise rate by itself is a significant advantage. Another 
important advantage is the simplification of the feedthrough interface on the cryostat head. Data coming out of the 
cryostat is digital and serial, dramatically reducing the number of lines going through the cryostat feedthrough 
interface. It is important to notice that all lines coming out of the cryostat are digital and low voltage, reducing the 
possibility of electric breakdown inside the cryostat. 
This paper will explain in details the architecture and inner workings of this data acquisition system. It will also 
provide the performance of the analog to digital converter when the system is immersed in liquid helium, and in 
liquid nitrogen. Parameters such as power dissipation, integral non-linearity, effective number of bits, signal-to-noise 
and distortion, will be presented for both temperatures. 
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1. Introduction 
The system presented in this work originated from the need to improve instrumentation performance for 
superconducting magnets. Presently, the back-end instrumentation of superconducting magnets is external to the low 
temperature cryostat containing the superconductor. Sensors are attached to the superconducting magnet, and wires 
connect those sensors to a data acquisition system external to the cryostat.  
This setup degrades the performance of data acquisition due to electronic noise, heat transfer into the cryostat, 
increased cryostat sealing complexity, and other reasons that will be discussed in this work. To mitigate these 
problems a new data acquisition capable of deep cryogenic operation is currently under development at LBNL. This 
system will be a valuable asset for the instrumentation of future superconductive magnets.  
The need for more sensors to instrument future prototype superconductive magnets will further increase. Table 1 
shows the typical number of sensing wires from recently tested magnets at LBNL. Presently the number of wires 
coming out the cryostat is directly proportional to the number of sensing elements inside the cryostat, this is not an 
ideal solution in that it adds further complexity in the signals feedthrough interface, increasing the probability of 
failure in the cabling, heat losses, cross talk, and short-circuit between adjacent wires. 
The numbers shows that current magnets have up to 196 conductors coming out the cryostat. This number could 
be higher, but difficulties in routing the feedthrough are already high, that makes it challenging to add extra sensors.  
A data acquisition system capable of operating at cryogenic temperatures can increase the system reliability while 
vastly decreasing the number of conductors going through the feedthrough to the cryostat exterior.  
 
Table 1 Number of sensor wires for magnet instrumentation of three LBNL superconductive magnet prototypes. 
Magnet Name VTap wires SG wires RTD wires Others wires Total wires 
TQS03b 56 96 16 4 172 
HD03b 60 80 16 8 164 
HQ02b 92 80 16 8 196 
 
 
In addition to superconducting magnet prototypes, cryogenic data acquisition systems can be deployed in many 
other fields such as medical diagnostic machines, space exploration activities, and high energy physics experiments. 
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Figure 1. (a) Partial view of the 164 wires coming out of the HD03b magnet; (b) One of two feedtrough boards coming interfacing HD03b, notice 
the 150 um bronze wire bundles going to the cryostat head. 
2. System description and capabilities 
The basis of the data acquisition system presented in this work is a reverse cryostat that creates a small thermal 
bubble inside the main cryogenic vessel. By managing heat inside the module, and keeping the electronic 
temperature inside the envelope at approximately 85 K, the electronics package allows conventional electronic 
technologies, such as metal-oxide-semiconductor (MOS), to operate inside cryostats. The module therefore negates 
the difficulties that arise from changes in carrier mobility and carrier freeze-out that occur at deep cryogenic 
temperatures. In the case of this prototype a volume of approximately 1 mm3 is keep at 85 K±1. This volume is 
contained by a thermal envelope that actively manages heat inside the package, maintaining the A to D converter 
temperature constant. It does this with the help of a thin film heater, and a resistance temperature detector (RTD). 
The RTD feeds temperature information to a proportional-integral-derivative (PID) controller that in this case is 
located remotely outside the cryogenic vessel. Future versions will have the PID encapsulated with the A to D.  
This prototype has at its heart a 16 channel, 24 bits A to D converter, capable of a sampling frequencies up to 
20 kSPS. Channel zero of the A to D is reserved for the RTD, making 15 channels available for collecting sensor 
information. The SPI interface of this A to D requires a clock (CLK), a serial data in (SDI), a serial data out (SDO), 
and a chip selected (CS) line. In addition a heater control and two power lines are required, totalling 7 lines. 
The system can be divided in five basic elements as illustrated by Fig. 2; the thermal package, conditioning and 
digitizing electronics, controller, power module, and thermal management. Next, these five basic elements will be 
described. 
 
a b 
Fig. 2. (a) An external view of the data acquisition prototype, and (b) block diagram illustrating the subsystems that constitute this data 
acquisition module. 
The thermal package (TP), is composed by several overlapping layers, Fig. 3 illustrates the inner most parts of 
this assembly. In the center, the silicon die of the A to D is coupled to the heating element through a copper pad. The 
A to D is surrounded by fiber-reinforced plastic. These components are encapsulated by a low thermal conductivity 
epoxy (7·10í2 W/(m·K)). The outmost layer is a thin metallic film that shields the package from electromagnetic 
waves, and block thermal radiation, acting as a radiant barrier.  
The filling epoxy is very important because it is the main responsible component for defining the efficiency of the 
thermal package. It is also the thickest layer and ideally should be composed of a material with the lowest possible 
thermal conductivity. Other materials such as aerogel are being considered for this layer. Layers can be added or 
removed to add mechanical strength, or flexibility to the thermal envelope depending on the application.  
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In addition to the above mentioned layers, the thermal package has a thermal channel (TC), and a thermal valve 
(TV). The thermal channel is a thermally conducting line, typically copper that is connected to a thermal valve. The 
thermal valve in this prototype is electromechanical, and it is controlled by the thermal management module. The 
goal of the thermal valve, and the thermal channel is to release heat from the electronic envelope to the cryostat if 
the internal temperature rises above the preset conditions, effectively acting as part of the thermal management 
block.  
The conditioning and digitizing electronics (CDE) block contains the front end electronics and digitizer, the main 
goal of this block is to digitize analog signals coming from sensors such as strain gauges, Hall Effect probes, 
temperature probes, voltage taps, and any other electronic sensor that provides analog signals. In this prototype we 
are utilizing a 24 bits, 20 kSPS Commercial Off-The-Shelf (COTS) repackaged A to D assembled on a Printed 
Circuit Board  (PCB). This particular A to D was selected due to its capability of operating at 85 K. This A to D has 
16 input multiplexed channels. Channel zero of the A to D is directly wired to the RTD, making in total 15 channels 
available for collecting sensor data. 
The controller module is responsible for communications, data processing, buffering, and electrically isolating the 
communication channel if needed. This module is responsible for implementing the electrical characteristics of the 
physical layer where information will flow, such as; LVDS, LVCMOS, TTL, or any other electrical signaling 
protocol. If the application requires communications to be performed optically, this module will contain the optical 
fiber transceiver instead of an electrical one. This module is also responsible for data framing. Depending on 
requirements, this module can be fused with the CDE module. This controller can act as a router, and buffer data 
coming from the external sensors, as well as, internal data. The controller module can also receive external 
commands such as inquires on the internal temperature of the module, or the setting of a new operation temperature 
window for the package. For this first prototype this module was simplified and implemented by the A to D. The A 
to D communicates through a 2.4 MHz Serial Protocol Interface (SPI), and requires four wires to receive commands, 
and transmit data. 
The power module (PM) is responsible for providing power to the electronic envelope. Depending on the 
application it can regulate the external power, and electrically isolate the module. If electrical isolation is required it 
can be implemented optically or magnetically. In the case of magnetic isolation an electrical transformer is utilized 
and its output rectified. In case optical isolation is required the power module receives electricity by means of wires 
that is then transformed to electromagnetic radiation by a photo diode, and then converted back to electricity via 
photovoltaic cells. The electricity can then flow to a voltage regulator or go directly to feed the electronic package. 
During the prototype evaluation a succesful test was performed with a photovoltaic cell array coupled to a photo 
diode. The coupling efficiency was 33 %, and the excess heat was utized to keep the package at 85 K. Due to the low 
efficiency, and since strain gauges don’t need to be isolated in the target application, this module is not being utilized 
in the current prototype. 
Finally, the thermal management module (TM) acts as temperature controller. It monitors the internal temperature 
of the electronic package and acts on it to keep it within a predetermined range. There are two mechanisms inside the 
electronic package that allows temperature to be manipulated. The first is the thermal valve that was already 
mentioned, it allows heat to flow from inside the device to the outside by connecting it to the cryogenic environment. 
Fig. 3. (a) ASIC assembly coupled to the heater through the copper pad, (b) top view of the A to D package with the heater on top. 
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The second mechanism to control the internal temperature is to increase internal heat generation, by either increasing 
the power dissipation on the active electronic components inside the package, or by powering up an internal heater. 
This internal heater is in intimate contact with the electronics (see Fig. 3) and can be dialled up or down. For this 
prototype the temperature controller is a PID controller implemented remotely by a microprocessor.  
3. Results and discussion 
The cryogenic DAQ prototype was tested on two different types of dewars, the first containing liquid nitrogen 
(LN), and the second liquid helium (LHe). When operating at LN temperatures the A to D consumed 0.4 mW to 
operate, while the heater was consuming only 1 mW to keep the die at 85 K.  
In contrast, when operating at LHe temperatures, the heater needs to dissipate 40mW for the current prototype to 
operate. Since in both cases the A to D temperature was kept at 85 K its electrical performance was identical for LN, 
and LHe. The heater operation was very different for the two cases. While in LN the prototype could be immersed in 
LN with the heater off, that was not the case for LHe.  
When immersed in LHe the heater had to be kept on all the time to prevent permanent damage from mismatch in 
thermal expansion (CTE). This problem is under investigation, but all evidence points to stress on the aluminum 
wire bonds connecting the package leads to the ASIC pads due to the rapid change in temperature. 
The A to D noise and linearity were studied while operating with a sampling frequency of 5 Hz and power supply 
set to 2.5 V at 85 K, and 300 K. The system linearity shows a small degradation when operated at 85 K. The integral 
nonlinearity (INL) changed from 2 ppm of the reference voltage at 300 K, to 18 ppm at 85 K. INL is an important 
parameter because it can’t be calibrated out. In addition, a change in the slope was noticed as illustrated by Fig. 4a, 
but this is not a significant problem since it can be compensated.  
The noise performance of the A to D improved from a deviation of 0.39 ppm of the reference at 300 K to a 
deviation of only 0.16 ppm as illustrated by Fig. 4b. The root-mean-square noise improved from 1 uV at 300 K to 
0.6 ʅV at 85 K when sampling at 5 Hz.   
 
a b 
Fig. 4. (a) Linearity of the A to D at 85 K and 300 K, (b) Noise performance of the A to D for 300 K; ı=0.39 ppm, μ=0.55 ppm. For 85 K; 
ı=0.14 ppm, μ=0.16 ppm. This test was performed with Vref =1 V, 5000 samples accumulated, Vin=0,  and Fs=5 Hz. 
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When not considering the heater, the A to D actually reduced its power consumption from 0.6 mW at 300K to 
0.4 mW. When utilized in conjunction with micro-measurements full bridge strain gauges (350 , SK-13-120NB-
350) and a 5 mA current source, the effective number of bits of the A to D was 22 bits. All above mentioned tests 
were performed with the power supply operating at 2.5 V and the voltage reference at 1 V. 
4. Conclusion and next steps 
This work shows that it is possible to operate a compact low power data acquisition system inside cryostats and 
dewars. This offers a new paradigm for data acquisition at liquid helium temperatures in that the collected 
information from sensors inside the cryostat can come out in digital format to the cryostat head. There are  several 
advantages to this approach, namely increased robustness on the  cabling, reduced thermal noise on the A to D, small 
number of wires going out the cryostat, and low voltage digital signal lines. 
Many improvements will be implemented on future versions of the system, that includes optically isolated power 
supply, internal current source for strain gauges, completely embedded thermal management system, and improved  
cryogenic insulation. The electronics implemented on the internal components can be designed to be radiation 
hardened with any conventional technique since the operational temperature of the module is in the operating range 
of standard electronics. The position of the module is flexible, and it can be located anywhere inside the cryostat. 
Multiple modules can operate in network within the same cryostat sharing the digital communication lines. 
It is also the intent of the authors to expand the range of applications of this system. The vast majority of 
commercially available active electronic components do not operate at temperatures below 220 K. This is due to 
several factors such as carrier freeze out, hot-carrier effects, and commercially available systems not being generally 
design for low temperature operation. There is a significant number of applications that need to operate at 
temperatures below 220 K, such as Liquid Natural Gas (LNG) storage and transportation, Magnet Resonance 
Imaging (MRI), biology and physics experiments, cryogenic freezers, and several other industrial processes where 
this system can be deployed. 
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